Recently, high-k dielectrics deposited on Ge substrates have been studied widely for MOSFET applications to take advantage of the high intrinsic electron mobility (2×) and hole mobility (4×) of Ge, compared to those of Si. It is also hoped that deposited high permittivity dielectrics developed for Si CMOS technology may exhibit better electrical characteristics than poor quality germanium oxide gate dielectric layer [1] [2] [3] [4] [5] [6] . The high-k gate insulators ZrO 2 [1] , HfO 2 [2] [3] [4] and Al 2 O 3 [4, 5] as well as germanium oxy-nitride [6] have recently been studied for Ge MOS devices. Although many promising results have previously been reported, such as low gate leakage current density [2] [3] [4] [5] [6] and enhanced hole mobility [5, 6] , little attention has focused on the chemical nature of the interfacial layer between high-k metal oxides and Ge substrate, and the associated energy band alignment at the interface.
In this work, we study the chemical bonding structure and valence band alignment at the HfO 2 /Ge (001) interface by systematically probing various core level spectra and valence band spectra using synchrotron soft x-ray radiation with high intensity and energy resolution. We investigated chemical bonding changes as a function of depth through the dielectric stack by taking a series of synchrotron radiation photoemission spectroscopy (SR-PES) spectra as we etched through the HfO 2 film using a dilute HF-solution. The photon energy was tuned to achieve high surface sensitivity. As a result, we found that very thin non-stoichiometric GeO x layer forms at the HfO 2 and Ge interface. The valence band offsets between Ge and GeO x and between Ge and HfO 2 were determined by analyzing the valence band spectra.
In sample fabrication, n-type <100> Ge substrates with 10-15 (Ω⋅cm) resistivity were cleaned with dilute HF solution (DI:HF=50:1) to remove native GeO x , and were immediately transferred to a deposition chamber. Ultrathin Hf metal films in the range of 2 nm thickness were deposited using e-beam evaporation without any intentional heating. The typical deposition rate was ~0.3 Å/sec and deposition pressure was ~ 2×10 -6 Torr. After Hf metal 3 deposition, the samples were transferred to an attached oxidation chamber without breaking vacuum, and ultra violet (UV) ozone oxidation of the metal precursor films was performed to fully oxidize Hf metal at 200 o C for 1 hr under 1 atm oxygen pressure.
After the sample fabrication, the sample was taken to beam line 8-1 at the Stanford Synchrotron Radiation Laboratory (SSRL) to perform photoemission experiments. The photoemission spectra were recorded by a PHI spherical energy analyzer in an ultrahigh vacuum chamber with base pressure below 1x10 -10 Torr. A photon energy of 80 eV was selected to achieve good surface sensitivity. Both the Ge 3d and Hf 4f core levels, as well as valence band spectra, were monitored during the experiments. To probe chemical bonding information with film depth, we etched the HfO 2 film step by step using a dilute HF solution (DI:HF = 50:1) and took a photoemission spectrum after each etching step. The etching rate of HfO 2 in this solution was determined to be approximately 2 Å/sec. The HF etching was done inside a glove bag, which was filled with research grade Ar, and directly connected to the load lock of the photoemission chamber. After each time the sample was dipped into HF, it was blown dry by Ar, and immediately put into the load lock pre-filled with dry N 2 . Then, the load lock was pumped down by a turbo pump and the sample was transferred into the photoemission chamber. By taking these steps, we could minimize surface contamination after each etching process.
In order to verify whether 2% HF-solution etching alters the structure of the HfO 2 film (for example, by increasing surface roughness or by pin-hole generation) which might affect interpretation of our spectra, AFM (atomic force microscopy) was used to analyze the sample surface. Figure 1 shows the surface morphology and roughness change of a HfO 2 /interface layer/Ge(001) sample as a function of HF-etching time. The AFM analysis used a scan area of 1µm 2 . As the HF-etch time increased, the RMS (Root Mean Square) value rose slightly from 0.26nm for the as deposited sample to 0.28nm for 10sec etching, suggesting 2% HF-etching We fitted the Ge 3d core level spectra to determine the chemical bonding structure of the interfacial GeO x layer as a function of HF-etching time as shown in Fig. 3 on Ge system by Chi et. al. [7] . [16] . This substoichiometric GeO x interfacial layer may be responsible for poor electrical properties such as high density of interface states in the ZrO 2 -and HfO 2 -on-Ge structures [3] . used to obtain the VBM values [12] . These VB offsets are in good agreement with the results recently reported by V. V. Afanas'ev et. al. using the internal photoemission method [13] . Since we determined VB offsets precisely, we can estimate conduction band offsets if an accurate band 7 gap energy of HfO 2 becomes available. In the literature, band gaps in the range of 5.2 -6.0 eV have been reported for HfO 2 depending on the film deposition technique, post deposition thermal treatment and measurement method [11, 14, 15] . With the well known Ge band gap of 0.66 eV, we have estimated conduction band offsets between Ge and HfO 2 as 1.8~2.6 eV. In the case of GeO x , we cannot determine the conduction band offset because we have no reliable energy gap data for this ultra-thin and non-stoichiometric material. The band alignment diagram for these multilayer gate stacks is summarized in Fig. 4 (d) . 
